The capability of an ultrahigh Q polymer microring resonator as a biosensing system is systematically investigated. By optimizing the device design and fabrication process, the device operates in the slightly under-coupled regime with a record intrinsic Q factor of 8.0 × 10 5 , which offers a high sensitivity and low detection limit. In surface mass detection, a surface mass density of 12.7 pg/mm 2 of bovine serum albumin is detected due to the physical adsorption. The noise-equivalent detection limit is approximately 5.3 pg/mm 2 in a wavelength-shift scheme and 55.9 fg/mm 2 in an intensity-variation scheme. These results show that the best sensing performance with the on-chip polymer ring resonator system is achieved.
Introduction
Optical micro-resonators are extensively investigated as a promising label-free biosensing tool for applications in medical diagnosis, environmental monitoring and homeland security [1] , [2] . In these micro-resonators, the evanescent fields of the resonant light are utilized to probe the surface mass loading or the refractive index (RI) change caused by the presence of analytes in the surrounding medium. Up to now, sensing performances of the micro-resonators including optical microdisks [3] , [4] and microrings [5] - [7] , stand-alone microspheres [8] and microtoroids [9] , silica micro-capillaries [10] and Fabry-Perot microcavities [11] , photonic crystals [12] and grating microcavities [13] have been studied. Among these micro-resonators, whispering gallery mode (WGM)-based resonators as biosensors [14] have drawn a lot of attentions because their higher Q factors can offer lower detection limit. In particular, silica microtoroid resonators have Q factors of >10 8 was claimed to be able to respond to single molecules [9] .
On the other hand, on-chip planar integratable microring resonators are good candidates for biosensing systems due to their capability of large-scale integration and mass fabrication [15] . Various materials such as glass [5] , titanium dioxide [16] , silicon-on-insulator [4] , [6] , silicon oxynitride [17] and polymers (e.g., polystyrene, polymethylmethacrylate, polycarbonate, ZPU13-430, Ormocore and SU-8, etc.) [18] - [26] were employed to fabricate microring resonators. Because of the cheap material and simple fabrication process, polymer biosensors are ideal for disposable uses, which is beneficial to biomedical applications. Moreover, a variety of polymers can be synthesized to render specific properties, including low optical loss, special surface functionalities and biocompatibility. The lower optical loss, i.e., higher Q-factor, should be primary focus in order to achieve a lower detection limit. Recently all-polymer microring resonators made of UV-curable Norland optical adhesives, with a measured Q-factor of ∼5.8 × 10 4 , were fabricated by cost-effective roll-to-roll nanoimprint lithography (NIL), enabling relatively low bisosensing detection limit [27] .
In this paper, we study the high-Q SU-8 microring resonators fabricated by NIL for biosensing applications. SU-8 polymer has been widely studied in the field of photonics and microfluidics because of its excellent optical and mechanical properties, high resistance to corrosion and high thermal stability. It has a unique functionality that its high degree of cross-linking can produce the sidewall with straight profiles and high aspect ratios. By UV imprinting the device with a transparent polymer mold which was duplicated from a smooth-sidewall silicon master mold, a record-high intrinsic Q factor of ∼8.0 × 10 5 is achieved. This value is one order of magnitude higher than the highest Q factor of polymer microring resonators by UV-NIL technique so far. The use of polymer molds avoided the deterioration of the master during the directly imprint process, and the lower baking temperature was helpful to avoid wafer bending in a large-area NIL process. The device is used for surface mass detection of bovine serum albumin (BSA) molecules of 12.7 pg/mm 2 due to the physical adsorption. The noise-equivalent detection limit (NEDL) is approximately 5.3 pg/mm 2 in a wavelength-shift scheme and 55.9 fg/mm 2 in an intensity-variation scheme. The results show that the ultrahigh-Q polymer microring resonators are advantageous for a highly-sensitive biosensing platform.
Device Design, Fabrication and Characterization

Device Design
In order to lower the detection limit, there are several considerations in the design of a microring resonator: high sensitivity, narrow linewidth of the resonance spectrum (i.e., high-Q factor), and high signal-to-noise contrast ratios [28] . Fig. 1 shows the schematic of a microring coupled with a bus waveguide. First, the cross section of the waveguide is designed as follows. High sensitivity requires strong interaction between the evanescent wave and the analytes near the waveguide surface, which prefers a smaller waveguide's cross section. However, more evanescent fields outside the smaller cross section of the waveguide result in a higher optical energy loss and thus a lower-Q factor. In this regard, the cross section of the waveguide should be optimized by considering the trade-off between the interaction (of the evanescent wave and the analytes) and the Q factor. The single-mode propagation is another requirement when designing the waveguide's cross section. It ensures the simple spectrum without unwanted high-order low-Q resonance, which facilitates the determination of a resonance shift. Fig. 2(a) presents the surface sensitivity factor F as a function of the waveguide width W. The surface sensitivity factor F is defined as the ratio of the integral of optical intensity over the total surface of the microring to that over the whole space, which is proportional to the surface sensitivity. For a given film thickness H = 1.0 μm, the cross section of the waveguide is designed to be 1.5 μm × 1.0 μm (height H × width W) for low loss, high sensitivity and single-mode propagation at 780 nm.
Second, the diameter of the microring is determined as follows. It should be large enough to decrease the bending loss. On the other hand, the larger the diameter of the microring, the narrower the free spectrum range (FSR), which limits the maximum resonance shift that can be recognized and thus the detection range. Typically, for biosensing applications, the diameter of the polymer microring resonator should be smaller than tens of microns to enable the sufficiently wide FSR. To achieve a FSR of ∼2 nm, the diameter of the microring is set to be 60 μm.
Third, the gap size between the microring resonator and the bus waveguide is considered as follows. The signal-to-noise contrast ratio is determined by the contrast between the ON and OFF transmission (ON: off resonance; OFF: at resonance), which is in part affected by the gap size (i.e., coupling strength). Note that the gap size also affects the overall Q factor through the coupling loss, and thus, it is important to optimize the gap size for high contrast ratio and high Q. The transmission function of a singly coupled microring resonator can be expressed by the following equation according to the coupled mode theory [29] :
where ω is the frequency of the input light, ω 0 is the resonant frequency of the optical mode in the microring resonator, Q i is the intrinsic Q factor of an isolated microring, and Q c is the waveguideto-microring coupling Q factor. Fig. 2 (c) shows the Lorentz-shaped transmission curves when Q c > Q i (i.e., under coupled), Q c = Q i (i.e., critically coupled), and Q c < Q i (i.e., over coupled) for the case Q i = 8 × 10 5 . The microring resonator in slightly under-coupled or critically-coupled regimes provides both the high contrast ratio and high Q considering the same Q i factors. Since Q factor is inversely proportional to the waveguide-to-microring coupling efficiency, the Q factor of ∼10 5 indicates a coupling efficiency of ∼0.01 [29] . Fig. 2(d) shows the coupling efficiency |κ| 2 as a function of gap size G for R = 30 μm, W = 1.0 μm and H = 1.5 μm. Therefore, according to the experimental results and calculations, the gap size is determined to be 230 nm to have the microring resonator in the slightly under-coupled regime, which are discussed in Section 2.3.
Device Fabrication
The SU-8 polymer microrings in this work are fabricated by NIL. Unlike the fabrication of the polymer microrings in our previous work where a silicon mold was used [18] , in this work, a smoothsidewall epoxysilsesquioxane (SSQ)-based transparent mold is used to imprint the device using a UV-imprinting technique. The transparent SSQ mold was duplicated from a smooth-sidewall silicon master mold, which was fabricated by using the combination of photoresist reflow method and continuous etching and passivation [30] . Once the transparent mold became fouled or damaged, a new mold could be prepared from the same master, which is a cost-effective method. And the UV-imprinting was helpful to lower the baking temperature which may bring wafer bending in a largearea NIL process. The UV-imprinting process started with spin coating of a SU-8 film (thickness: ∼150 nm) on a silicon substrate with a 4-μm thermal oxide layer on the top surface of the substrate. After the film was soft baked at 95°C for 2 minutes, the imprinting was performed at pressure of ∼500 psi, temperature of ∼90°C and UV energy > 100 mJ/cm 2 . Then, the demolding process was applied, and the sample was further baked at 95°C for 2 minutes. Finally, an O 2 plasma etching process was applied to remove the residual layer. Fig. 3 shows the scanning electron microscope (SEM) images of the mold and the polymer microring resonator. In Fig. 3(a) and (b), we see that both the SSQ mold and the SU-8 microring have very smooth sidewalls. In Fig. 3(c) , the top-view of a microring resonator is presented, and the gap size was measured to be 234 nm in Fig. 3(d) , which agrees well with the design.
Device Characterization
Since a low detection limit requires a high Q factor and slightly under-coupled or critically-coupled operation for a microring resonator, it is necessary to characterize the device by analyzing its optical loss mechanism. The overall Q factor (Q t ) of the system is determined by Q i and Q c , and can be expressed as Fig. 4(a) shows the measured normalized transmission spectrum in deionized (DI) water. By fitting the spectrum, the sharp resonance notch has a linewidth of 1.29 pm, indicating an overall Q . To tell what coupled regime the device operates, it is necessary to analyze the factors that affect the Q i factor. Q i accounts for all the optical loss, including radiation loss, surface scattering loss, and material absorption loss. Thus, Q i can be further expressed as
where Q r , Q s , and Q a are radiation loss-related Q factor, surface scattering loss-related Q factor, and material absorption loss-related Q factor. Q r is calculated by finite element method using COMSOL multi-physics software. The inset of Fig. 4(a) shows the electrical field intensity distribution of quasi-TE mode in the cross section of the polymer microring waveguide. We clearly see that the electrical filed is well confined in the ring waveguide region and only a very small amount of field leaks to the substrate. From the inset of Fig. 4(a) , Q r is calculated to be 4.5 × 10 6 . Q a can be extracted from the linear relation between the internal cavity energy and absorbed power [31] . When increasing the input power, the resonance notch shifts to a shorter wavelength and the line shape become asymmetric, as shown in the inset of Fig. 4(b) , due to the negative value of the opto-thermal coefficient and the effect of thermal bistability due to the material absorption. The absorbed power, P abs , is calculated from the thermal-induced wavelength shift, and the intra-cavity energy, U c , is calculated by using the input power, Q factors and transmission spectra. Fig. 4(b) shows the relationship between P abs and U c . In the figure, a cubic polynomial fit (P abs ∼ aU Further, Q s can be calculated from Eq. (3), which is 1.4 × 10 6 . Therefore, from this analysis, we believe that the Q factor of the SU-8 microring is limited by the surface scattering loss, which can be further improved by etching and reflow process in the future.
Experimental Setup and System Noises
Experiment Setup
The sensing characterization setup is shown in Fig. 5 . The setup includes a tunable laser (New Focus TLB-6312, with a tuning range of 765 nm-781 nm), a function generator, a photodetector and an oscilloscope. A single mode fiber (Nufern 780-HP) and a conventional multimode fiber were coupled to the input and output ports of the bus waveguide, respectively. The polarization of the input light was controlled by a fiber based optical polarization controller, and TE polarization was used during the whole measurement. A triangular wave signal provided by the function generator was fed into the tunable laser to scan the laser wavelength, while the output light signal from the multimode fiber was received by the photodetector and then displayed on the oscilloscope. Note that the synchronization was provided by the function generator.
System Noise
The detection limit is determined by not only the Q factor of the device but also the noise of the system. Thus, it is important to achieve both high-Q microrings and a low-noise setup. The system noise comes from laser power instability, system desynchronization, uncompensated thermal fluctuation, limited oscilloscope bandwidth, photodetector noise and stray light of the environment. Since the thermo-optic coefficient of the SU-8 polymer is one order magnitude higher than that of silica, the SU-8 mircoring is more temperature-sensitive (roughly one order magnitude higher) than that of a typical silica resonator [32] . So the system temperature fluctuation was kept within 0.1°C by a commercial thermoelectric cooler, in order to eliminate the thermal effect during the measurement. Here we characterize the system noise of the wavelength-shift-sensing scheme and the intensity-variation scheme. For the former scheme, the resonant wavelength shift is recorded every minute without changing the refractive index of the environment, as shown in Fig. 6(a) . The signal fluctuates slightly, and the standard deviation, δ 1 , is 0.21 pm. For the latter scheme, the probing wavelength is fixed at 771.3 nm at the rising edge of the resonance, as shown in the inset of Fig. 6(b) . With a low input optical power, the microring resonator is almost under thermal equilibrium condition, the intensity of output light signal from the multimode fiber was tracked and recorded every second, as shown in Fig. 6(b) . The standard deviation of the signal, δ 2 , is 2.90 nW (i.e., a fluctuation of 0.034%). Since the laboratory environment is very stable and the measured system noise is resulted by the combination of the various noise sources, we can infer that δ 1 could possibly result from the noise from the desynchronization of the tunable laser and the function generator, while the laser power instability, the photodetector noise, the limit of oscilloscope bandwidth could contribute to δ 2 .
Characterization of Surface Mass Detection
In the surface mass detection, the evanescent field is used to detect the analytes adsorbed at the sensing surface. When bio or chemical analytes enter the evanescent field area of the optical mode near the surface, the effective refractive index (n eff ) of the resonant mode changes a little bit, leading to a tiny shift of the resonant wavelength.
First, we characterized the wavelength shift as the bulk RI changes. We immersed the device in water/ethanol solution of various concentrations. The reference transmission spectra of the device in DI water were measured every time when testing ethanol solutions of different concentrations. Fig. 7(a) shows the bulk refractive index sensitivity (BRIS) is 26.9 nm/RIU, which agrees well with the simulation result of 24.5 nm/RIU by using the COMSOL software.
Second, we measured the wavelength shift with different concentrations of BSA solutions. Then we prepared the BSA (molecular weight: 66 kDa) solution of various concentrations from 300 nM to 300 μM for the surface mass detection. The sensing surface was not functionalized, and thus, BSA molecules were physically adsorbed. The device was first rinsed with DI water. Then, it was immersed in the BSA solution. For each concentration of the BSA solution, we can see that the resonance shifts to a longer wavelength and then reaches the equilibrium. Fig. 7 (b) presents the equilibrium spectra for different BSA concentrations. The resonance shift as a function of BSA concentrations is plotted in Fig. 7(c) . Unlike the RI detection, the resonance shift increases nonlinearly with the increase of the BSA concentration. Note that for low-concentration BSA solutions, the WGM spectral shift has a linear dependence on the BSA concentration, as shown in the logarithmic plot in the inset of Fig. 7(c) , where log( λ) Ý log([BSA]). This is in accordance with the relationship between the fraction (f) of the sites on the surface occupied by BSA over the whole surface and [BSA], which is expressed as:
, where K d is the dissociation constant [33] . This is another evidence that the sensing mechanism is predominately the surface mass loading instead of the bulk refractive index change. After each measurement of one BSA concentration, the device was rinsed in DI water to remove the absorbed BSA in the solution. Then, the resonance of the device immersed in the DI water was measured again. We found that the resonance nearly went back to the reference, which shows that most of physically adsorbed BSA molecules were rinsed away from the surface. Based on the theory described in Ref. [34] , the average surface mass density σ can be expressed as
where E 0 is the electrical field at the microring surface, α ex is the excess polarizability of the BSA molecule [α ex = 4πε 0 (3.85 × 10 −21 cm 3 )], n is refractive index, ε 0 is vacuum permittivity. The volume integral in the numerator is performed over the whole space of the microring waveguide while the surface integral in the denominator over the sidewalls and top surface. By calculating the optical mode with COMSOL software and by Eq. (4), the largest shift of 9.0 pm caused by 300 μM BSA corresponds to a BSA surface mass density of 228.5 pg/mm 2 . Assuming a BSA molecule occupies an area 3.7 × 10 −13 cm 2 [33] , only 7.7% of the total surface of the microring resonator is covered with BSA. The low coverage in our results is mostly because BSA molecules are just physical adsorbed instead of molecule binding. The smallest spectral shift of 0.5 pm is shown in Fig. 7(c) , which corresponds to a surface mass density of 12.7 pg/mm 2 . The NEDL can thus be determined to be 5.3 pg/mm 2 [= 12.7/0.5 × 0.21] considering the wavelength noise δ 1 of 0.21 pm. Third, the intensity-variation scheme can also be used for sensing applications. By choosing the probing wavelength at the descending edge of the resonance dip (i.e., the position with a high slope), the surface mass density can be measured by observing the intensity variations, as Fig. 7(d) . By fitting the data in the linear region (shown in the red curve in Fig. 7(d) ), the sensitivity of the surface mass sensitivity of 0.006 /(pg/mm 2 ) can be obtained. Similarly, the NEDL can thus be estimated to be 55.9 fg/mm 2 [=0.034%/0.006 × 10 3 ] considering the intensity noise δ 2 of 2.9 nW (i.e., 0.034%). Compared with the NEDL by the wavelength-shift scheme, that by the intensity-variation scheme gives a much lower detection limit but a quite limited detection range. Table 1 summarizes the overall performance of various planar microring resonators for surface bio-detection. Our work shows that the high-Q microring has good biosensing performance without special surface functionalities.
Conclusions
In summary, we fabricated a polymer microring resonator that achieved the record-high intrinsic Q factor ∼8.0 × 10 5 by UV-imprinting technique. The systematic investigation of the microring resonator as a biosensing system shows its excellent performance even without special surface functionalities. In surface mass detection, a surface mass density of 12.7 pg/mm 2 of BSA was detected due to the physical adsorption. The NEDL is approximately 5.3 pg/mm 2 in the wavelengthshift scheme and 55.9 fg/mm 2 in the intensity-variation scheme. Using this mass fabrication, the ultrahigh-Q SU-8 microring resonator is an excellent and cost-effective platform for biosensing applications.
